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ABSTRACT 

Various methods of producing high contrast optical stress 
patterns are investigated for use with a coherent fiber bundle- 
television viewing system. 
involves a fixed pattern whose reflection is viewed in a flexible 
mirror, is incorporated in the design and construction of an 
optical touch sensing system for a remote manipulator. 
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I. INTRODUCTION 

I n  gene ra l  t h e  term remote manipulator r e f e r s  t o  a machine which 

can grasp  and maneuver o b j e c t s  by rece iv ing  commands from a human 

ope ra to r  (or perhaps a computer) a t  some remote loca t ion .  Remote 

manipulators  are widely used t o  perform manual t a s k s  which, were it 

no t  f o r  unfavorable environmental f a c t o r s  such as r a d i t i o n ,  would be  

performed d i r e c t l y  by t h e  human. 
P 

I n  such cases t h e  manipulator s e rves  

as a second, remote p a i r  of hands f o r  t h e  operator .  

For example, Figure 1 is a photograph of t h e  AMF Model 8 

manipulator used i n  t h i s  p ro jec t .  The handle t o  t h e  r i g h t  of t h e  

photograph is  grasped by the  opera tor ,  and movements of h i s  hand are 

dup l i ca t ed  by t h e  remote j a w s  o r  slave hand t o  t h e  l e f t .  By squeezing 

t h e  r i n g s  a t  t h e  handle,  t h e  opera tor  can c l o s e  t h e  jaws f o r  grasping. 

I n  t h i s  case commands from t h e  opera tor  are c a r r i e d  by d i r e c t  mechanical 

l inkages.  

j a w s  t o  be maneuvered i n t o  almost any des i r ed  pos i t i on .  

t h i s ,  wi th  t h e  ANF manipulator as with remote manipulators i n  genera l ,  

manipulat ive t a s k s  are ted ious  and d i f f i c u l t .  This  is p a r t l y  due t o  

mechanical i n e r t i a  and the  f a c t  t h a t  t he  jaws provide i n  e f f e c t  only 

two f i n g e r s  f o r  grasping.  

however, i s  t h e  l ack  of t ac t i le  feedback between the  remote jaws and 

t h e  operator .  The o t h e r  types of feedback, involving motion, p o s i t i o n ,  

The degrees of freedom provided are s u f f i c i e n t  t o  a l low t h e  
b 

In  s p i t e  of 

More i n t e r e s t i n g  f o r  present  cons idera t ion ,  

fo rce ,*and  v is ion , ,  are s u f f i c i e n t  t o  enable  t h e  opera tor  t o  form an 

i d e n t i t y  between t h e  s l a v e  hand and hin own. 

l a t o r  were endowed wi th  a sense  of touch t h e  i d e n t i t y  would be more 

Obviously, i f  the manipu- 
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Figure I, The AME Model 8 manipulator. 
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complete and manipulative t a sks  would be less d i f f i c u l t .  

case t h i s  sense  of touch wnuld involve t ransmi t t ing  pressure  p a t t e r n s  

encountered by t h e  manipulator jaws d i r e c t l y  t o  t h e  f i n g e r s  of t h e  

opera tor ,  but due t o  space l i m i t a t i o n s  t h i s  is not poss ib l e ,  and'a 

s u b s t i t u t e  sense of touch has been sought. 

In  t h e  i d e a l  

Figure 2 is a schematic r ep resen ta t ion  of one of t he  more promising 

approaches t o  the  problem. It involves  t h e  v i s u a l  i n t e r p r e t a t i o n  of 

o p t i c a l  stress p a t t e r n s  generated at  t h e  remote jaws. 

genera tor ,  which forms t h e  bearing (sensing) su r face  of one of t h e  j a w s ,  

is made of some materi81 which changes o p t i c a l l y  when s t r e s s e d  so t h a t  

when pressed aga ins t  an objec t  i n  grasping,  regions of contac t  are 

d is t inguished  by a mechanism t o  be described i n  d e t a i l  below. 

o p t i c a l  changes are viewed by t h e  opera tor  through a visual  system 

The p a t t e r n  

These 

cons i s t ing  of a t e l e v i s i o n  camera and monitor,  and a coherent f i b e r  

bundle. The f i b e r  bundle t ransmi ts  t h e  p i c t u r e  from t h e  p a t t e r n  

genera tor  t o  t h e  camera, and provides t h e  f l e x i b i l i t y  necessary t o  

follow t h e  maneuverings of tho slave hand. 

11. PREVIOUS WORK 

To determine t h e  e f f ec t iveness  of t h e  v i s u a l  approach t o  t ac t i le  

feedback, J.J. Kappl (1) t e s t ed  sub jec t s  using o p t i c a l  stress p a t t e r n s  

as a s u b s t i t u t e  sense  of touch. 

pho toe la s t i c  material (polyurethane rubber) as a p a t t e r n  generator .  

The arrangement, similar t o  a polar iscope,  is  shown i n  Figure 3.  

For h i s  experiments Kappl used a 

The 

polyurethane is more or  less t ransparent  and does not  normally a f f e c t  



F;fqure 2. An opl-icu/ Pouch sensing sysfern. 
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l i g h t  passing through it. Light ,  t he re fo re ,  can pass  through t h e  

Polaroid sheet, bounce back i n  phase and pass on through t h e  Polaroid 

shee t  again. When s t r a i n e d ,  however, t h e  polyurethane po la r i zes  l i g h t  

passing through i t  and produces a phase s h i f t  p ropor t iona l  t o  t h e  

s t r a i n .  In t e r f e rence  occurs,  then, a t  d i f f e r e n t  l e v e l s  of s t r a in ,  

and when viewed from t h e  d i r e c t i o n  shown, dark bands are seen along 

1ir;'es of constant  s t r a i n  i n  t h e  polyurethane. Since t h e  amount of 

' phase s h i f t  is a l s o  propor t iona l  t o  t h e  wavelength of the  l i g h t ,  white  

Hence, i n  a touching opera t ion ,  l i g h t  g ives  colored bands o r  f r inges .  

t h e  regions of contac t  are out l ined  by these  colored f r inges .  

Comparing a 4 inch  square of t h e  pho toe la s t i c  sandwich assembly 

wi th  t h e  human palm, Kappl found t h a t  t h e  two performed about equal ly  

w e l l  i n  i den t i fy ing  small objec ts .  

t h e  pho toe la s t i c  p a t t e r n  generator  i s  a c t u a l l y  used on t h e  remote 

manipulator with t h e  TV and f i b e r  bundle. 

The real  tes t  of course comes when 

Figure 4 shows a manipulator g r i p  designed by a 2.671 p r o j e c t  

group (2) t o  f i t  t h e  AMF manipulator. The p a t t e r n  generator  is  t h e  same 

type used by Kappl. 

act as a mirror  between t h e  f i b e r  bundle and t h e  p a t t e r n  genera tor  

(by t o t a l  i n t e r n a l  r e f l e c t i o n )  and a t  t h e  same t i m e  as a window f o r  

The polished Plex ig las  prism allows one su r face  t o  

i l lumina t ion .  

and keeps t h e  g r i p  compact. 

It was found, however, t h a t  although t h e  prism i t s e l f  worked w e l l  

This  enables convenient pos i t ion ing  of t he  f i b e r  bundle 

enough t h e  p a t t e r n s  generated by t h e  pho toe la s t i c  device lacked t h e  

br ightness  and con t r a s t  necessary t o  produce a v i s i b l e  d i sp l ay  using 

both t h e  f i b e r  bundle and TV (see Figure 2). 
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f igure 4, Manipulator gr ip  with pho foelas t i c  
p ut fern g en e r  u f o r .  
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111 * PROBLDl STATEMENT 

The problem considered i n  t h i s  p r o j e c t  w a s  t h a t  of f i t t i n g  a 

remote manipulator with a working o p t i c a l  touch sensing system, 

preferab ly  using equipment r e a d i l y  a v a i l a b l e  t o  t h e  Man Machine Systems 

Laboratory of t h e  Mechanical Engineering Department. This equipment 

included t h e  AMF Model 8 manipulator,  an EM1 TV camera and c o n t r o l  

u n i t ,  a s tandard 21 inch TV monitor, and a Bausch & Lomb coherent f i b e r  
0 

bundle. The main problem, then,  was  t o  develop a new type of o p t i c a l  

stress. p a t t e r n  generator  with improved c g n t r a s t  and br ightness .  

. .. IV. MOIRE TECHNXQUES 

The f i r s t  a t tempt  a t  a- improved p a t t e r n  generator  involved t h e  

use  of moire techniques. Such techniques are sometimes used i n  stress 

ana lys i s  (3). Bas ica l ly ,  a moire p a t t e r n  generator  c o n s i s t s  of a g r i d  

or a r r a y  (such as p a r a l l e l  l i n e s ,  concent r ic  circles, o r  do t s )  p r in t ed  

on a white background. Over t h i s  i s  l a i d  another  (usua l ly  i d e n t i c a l )  

a r r a y  which is p r in t ed  on some t ransparent  material. 

s h i f t e d ,  r o t a t e d  o r  deformed r e l a t i v e  t o  t h e  o the r ,  a moire p a t t e r n  

r e s u l t s  due t o  apparent i n t e r s e c t i o n s  of t h e  two g r ide  (re:ferences 3 and 

If one a r r ay  is  

4 give a more d e t a i l e d  treatment of t h i s  phenomenon), 

a moire p a t t e r n  developed by two a r r ays  of concent r ic  circles,  where one 

a r r a y  i s  d isp laced  s l i g h t l y  relative t o  the o ther .  

Figure 5 shows 

Figure 6 shows a moire p a t t e r n  generator  appl ied t o  a manipulator 

g r ip .  The P lex ig l a s  prism serves  t h e  same purpose as the  one i n  Figure 4. 
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F i g u r e  5. M o i r e  p a t t e r n  p r o d u c e d  with arrays of c o n c e n t r i c  
c i r c l e s ,  



Figure 6. Mun/;bulator grip with mojrc 
p aft e r n  y enercrr for .  
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The t ransparent  a r r a y  is r i g i d ,  but t h e  opaque a r r a y  is  f l e x i b l e  and 

is mounted on t ransparent  rubber. Therefore when an ob jec t  is touched 

by t h e  manipulator g r i p  t h e  opaque a r r a y  is f r e e  t o  deform and, i n  

p r i n c i p l e  a t  least, moire f r i n g e s  similar t o  those  i n  Figure 5 ' r e su l t .  

For experimental  t e s t i n g  an a r r ay  of do t s  w a s  p r in t ed  on shee t  

rubber coated with white rubber pa in t  (Hypalon, by Du Pont). P r in t ing  

gas accomplished photographically using silk screening emulsion mixed 

with black ink. A 50% (i.e., h a l f  c l e a r ,  ha l f  black) half-tone 

photographic negat ive w a s  used both t o  produce t h e  do t s  and as t h e  

t ransparent  a r ray .  The dens i ty  of t h e  do t s  was about 150/inch. 

An e l e c t r o n i c  po t t ing  compound known as Sylgard 184 (by Dow Corning) 

w a s  used as t h e  t ransparent  rubber. This  compound is water-clear, has  

roughly t h e  same e l a s t i c i t y  as a rubber band, is reasonably tough, and 

is e a s i l y  mixed and cured. 

When t h e  moire p a t t e r n  generator  was assembled it w a s  found t h a t  

c o n t r a s t  and br ightness  were somewhat b e t t e r  than with t h e  pho toe la s t i c  

p a t t e r n  generator .  This w a s  due t o  t h e  use of black-on-white a r r ay ,  and 

t o  t h e  f a c t  t h a t  t h e  polyurethane rubber (which has  t h e  co lo r  of maple 

syrup) w a s  not  needed. 

prevented by t h e  f a c t  t h a t  t he  moire f r i n g e s  must be  viewed through t h e  

t ransparent  a r r ay .  

only medium gray ( see  Figure 5). 

Really good con t r a s t  and br ightness  were 

The l i g h t e r  por t ions  of t h e  f r i n g e s  were a t  bes t  

Figure 7 i l l u s t r a t e s  another  problem with t h e  moire p a t t e r n  generator  - 
t h a t  of focusing t h e  f r i n g e s  onto t h e  f i b e r  bundle. 

t h e  l e n s  used f o r  t h i s  focusing must be r e l a t i v e l y  l a r g e  and, due t o  

space l i m i t a t i o n s ,  r e l a t i v e l y  c l o s e  t o  t h e  p a t t e r n  generator .  

For maximum br ightness  

As Figure 7 



U 

f&ure 7. Scherno#/c i//us trution o f  +he focusing 
problem wi th  the moire paf fern 
generu f o r ,  



- 13 - 

i l l u s t r a t e s ,  i t  was found impossible t o  focus sharply on both t h e  

opaque and t ransparent  a r r ays  a t  t h e  same t i m e ,  and t h e  moire f r i n g e s  

were s e r i o u s l y  degraded. 

F ina l ly ,  t he re  wa8.a problem of s e n s i t i v i t y ,  Referr ing again t o  

Figure 7,  it  can be seen t h a t  moire f r i n g e s  can resu l t  only i f  t h e  

f l e x i b l e  a r r a y  is d i s t o r t e d  i n  a d i r e c t i o n  perpendicular t o  t h e  l i n e  

o f g i g h t .  

fo rces  are appl ied  p a r a l l e l  t o  t h e  l i n e  of s i g h t ,  t h e  moire p a t t e r n  

genera tor  can react t o  only a small f r a c t i o n  of t h e  t o t a l  d i s t o r t i o n .  

Since i n  a grasping o r  touching operat ion most of t h e  

It was f i n a l l y  decided t h a t ,  due t o  t h e  above problems, t h e  

moire p a t t e r n  genera tor  represented l i t t l e  o r  no improvement over t h e  

pho toe la s t i c  material, and i t  was t he re fo re  abandoned. 

V. MODIFIED MOIRE TECHNIQUE 

Figures 8 and 9 show a modif icat ion of t h e  moire p a t t e r n  genera- 

t o r  designed t o  improve s e n s i t i v i t y .  Here, t h e  f l e x i b l e  opaque a r r a y  

has  been replaced by a f l e x i b l e  mir ror  so t h a t  t h e  t ransparent  a r r a y  

acts wi th  its r e f l e c t i o n  t o  produce moire f r inges .  The advantage of 

t h i s  arrangement comes from the  f a c t  t h a t  d i s t o r t i o n s  of t h e  mi r ro r  

produce curved su r faces  which r e f l e c t  l i g h t  a t  an angle  t o  t h e  l i n e  of 

s i g h t .  The o p t i c a l  leverage which r e s u l t s  causes small d i s to r t ' ons  

i n  t h e  mir ror  t o  produce l a r g e  d i s t o r t i o n s  i n  t h e  r e f l e c t i o n  of t h e  

a r r a y I  This process  i s . d i scussed  more , fu l ly  i n  t h e  next s ec t ion .  
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figure 8. Munipuhtor grip with modi f ied 
moire  putfern yenerufor.  



# 

Figure 9. Si/npiS'f/ed diagram o f  the mod i f i ed  
moire puffern generator The  
f tonsprenf .  arruy ucfs with i ts 

re f l ec t ion  f o  produce moire fringes. 
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For experimentation, ha l f - s i lvered  p l a s t i c  f i l m  (fron Edmund 

S c i e n t i f i c  Co.) w a s  used as t h e  f l e x i b l e  mirror .  The p r i s m  used wi th  

t h e  previous p a t t e r n  genera tors  w a s  discarded s ince ,  because of t h e  

mi r ro r ,  t he  f i b e r  bundle could see only ‘the. r e f l e c t i o n  of its own 

o b j e c t i v e  l e n s  behind the  moire p a t t e r n s .  

ground i l l umina t ion ,  t h e  arrangement of Figure 8 was used. 

ca.j?e t h e  prism serves no purpose o the r  than t o  support  t h e  var ious  

components. The f i b e r  bundle views t h e  p a t t e r n  genera tor  d i r e c t l y ,  

and t h e  i l lumina ted  t r ans lucen t  sc reen  provides  a b r igh t  background 

f o r  t h e  moire f r inges .  

To a l low adequate back- 

I n  t h i s  

The s e n s i t i v i t y  of t h e  modified moire p a t t e r n  genera tor  was 

found t o  be q u i t e  acceptab le ,  but again t h e  c o n t r a s t  and br ightness  

of t h e  f r i n g e s  were degraded by viewing through t h e  t r anspa ren t  a r r ay .  

It w a s  apparent ,  however, t h a t  although i n s u f f i c i e n t  t o  produce a 

d i sp lay  with t h e  TV-fiber bundle combination, t h e  c o n t r a s t  and b r igh t -  

ness  were considerably improved by use  of t h e  i l luminated t r ans lucen t  

sc reen  as a background. 

The problem of focusing on both a r r a y s  a t  once w a s  t h e  same as w i t h  

the unmodified moire p a t t e r n  genera tor ,  and t h e  modified ve r s ion  w a s  

also abandoned.. 
. .  

VI. REFLECTED GRID TECHNIQUE 

Figure 10 shows a p a t t e r n  genera tor  which, because of i ts  s i m p l i -  

city, e l imina te s  t h e  problems encountered with t h e  moire techniques,  



/' I /mug€? 

fRef/e c fion) / o f  G r i d  Trunsparen f 
Rubber 

figure 10. Man/;bu/ufor grip wifh r e f k c  fed  grid 
put f e r n  g e n e r u t w .  
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It c o n s i s t s  of a s i n g l e  a r r ay  o r  g r i d  whose r e f l e c t t o n  is viewed i n  

t h e  f l e x i b l e  mirror .  

components (squares,  do ts ,  l i n e s ,  etc) t o  be d is t inguished ,  so t h a t  

d i s t o r t i o n s  of t h e  g r i d ' s  r e f l e c t i o n  are e a s i l y  seen as d i s c o n t i n u i t i e s  

i n  t h e  symmetry of t h e  a r ray .  

t h e  g r i d  is r e l a t i v e l y  l a r g e ,  t h e  g r i d ' s  r e f l e c t i o n  is highly s e n s i t i v e  

t9 d i s t o r t i o n s  i n  t h e  mir ror ,  due t o  t h e  o p t i c a l  leverage mentioned 

previously,  

The g r i d  is  coarse enough.for t h e  ind iv idua l  

Since t h e  d i s t ance  from t h e  mi r ro r  t o  

Since only one a r r a y  is  necessary t h e r e  is  no problem i n  focusing 

and no reduct ion i n  con t r a s t  and br ightness  from viewing through a 

t ransparent  array.  

i l lumina ted  as shown i n  Figure 10, very high con t r a s t  and br ightness  

can be obtained w i t h  a modest l i g h t  source. 

I f  t h e  g r i d  is p r in t ed  on t rans lucent  material and 

, 

Tests w i t h  t h e  r e f l e c t e d  g r i d  p a t t e r n  genera tor  i n  combination 

with t h e  TV and f i b e r  bundle showed t h a t  a somewhat f e e b l e  but  

d e f i n i t e l y  v i s i b l e  d i sp l ay  could be obtained,  so an o p t i c a l  touch 

sensing system using t h i s  device was b u i l t .  

. 

V I I .  THE OPTICAL TOUCH SENSING SYSTEM 

The P lex ig l a s  g r i p  of Figure 11 w a s  designed and b u i l t  t o  f i t  t h e  

AMI? manipulator. It supports  t h e  f i b e r  bundle,  l i g h t  source,  and t h e  

p a t t e r n  generator .  

s e c t i o n  of t h e  manipulator ann. 

The EM1 TV camera w a s  mounted on t h e  nm-s l id ing  

Figure 1 2  is  a photograph of t h i s  

arrangement. 



\ 
\ 
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Figure I/. Cons t r u e  +ion de+ui/s o f  prism f o r  

the refiec f e d  gr id puttern generator. 



-20 -  

F i g u r e  12, Above: A M F  manipulator a r m  with TV camera,  
fiber bundle, and reflected grid pattern generator 
attached. Below: Close-up of slave hand and 
pattern gene ra  tor, 
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Figure 13, Photograph of pattern distortions produced in 
grasping a pencil with the reflected grid pattern 
gene ra tor 

Figurer$,  -=%?hotograph of the TV monitor screen showing 
approximately the contrast  of the display produced 
‘by the reflected grid pattern generator using the 
TV-fiber bundle viewing system, 
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The gene ra l  cha rac t e r  of t he  p a t t e r n s  obtained with the  r e f l e c t e d  

g r i d  technique is  ind ica t ed  i n  Figure 13, which i n  a photograph of 

t h e  d i s t o r t i o n  i n  a checkerboard a r r a y  produced by grasping a penci l .  

The p i c t u r e  w a s  taken by holding t h e  l ens  of t h e  camera aga ins t  t h e  

eyepiece of t h e  f i b e r  bundle. 

The TV monitor sc reen  proved d i f f i c u l t  t o  photograph, bu t  Figure 

14,qwhich r e g i s t e r s  only t h e  c e n t r a l  po r t ion  of t h e  screen ,  i n d i c a t e s  

roughly t h e  c o n t r a s t  of t h e  f i n a l  d t sp l ay .  

The eva lua t ion  of t h e  system of Figure 1 2  is a s u b s t i t u t e  sense 

of touch has  been l e f t  f o r  o the r s ,  but  Kappl's work i n d i c a t e s  t h a t  t h e  

i d e n t i f i c a t i o n  of curved su r faces  generated i n  a touching opera t ion  

i s  an important parameter i n  o p t i c a l  touch sensing,  

t h e  r e l a t i o n s h i p  between g r i d  d i s t o r t i o n s  and mir ror  curva ture  i n  t h e  

r e f l e c t e d  g r i d  p a t t e r n  generator .  

g r i d  is seen r e f l e c t e d  i n  poin t  a on t h e  mirror .  When an ob jec t  is  

pressed aga ins t  t h e  mir ror  as i n  Figure 15(b) ,  t h e  r e s u l t i n g  curved 

su r faces  cause t h e  mir ror  a t  po in t  a t o  r o t a t e  through an angle  9 .  

Poin t  b' is now seen r e f l e c t e d  i n  po in t  a. For s m a l l  angles ,  t h e  d i s t a n c e  

between b and b' is given by 

bb' - 28L 

Figure 15  i l l u s t r a t e s  

I n  Figure 1 5 ( a ) ,  po in t  b on the  

where L is t h e  d i s t a n c e  between t h e  mir ror  and t h e  g r i d .  The curva- 

t u r e s  of  t h e  mi r ro r ,  then,  can be determined from the  distemce which 

po in t s  on the  g r i d  appear t o  move. 

'If a t a n g e n t i a l  f o r c e  is appl ied  t o  a grasped o r  touched ob jec t  
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P 

r-~Ij m i r r o r  
normal f o r c e  - 

Sangenfiut f o r c e  

Figure 1.5'. ///usfrufion of +ha relaficlnsh/;o be fwe en 
mirror  curvature and yrid disI'orfions in the 

reflecfed $rid puffern generutor. 



as i n  Figure 15(c), sharper  curva tures  i n  t h e  mir ror  (and consequently 

g r e a t e r  d i s t o r t i o n s  i n  t h e  g r i d )  occur a t  t h e  edge toward which the  

t a n g e n t i a l  f o r c e  is d i r ec t ed .  

For demonstration purposes,  a s i m p l e  manipulative task wag . 

arranged. The o b j e c t i v e  of t h e  t a s k  w a s  f o r  t h e  opera tor  ( t h e  author)  

t 0  use  the  manipulator t o  f i n d  and t r a n s f e r  a c y l i n d r i c a l  peg from one 

ho le  t o  another  without viewing t h e  t a s k  d i r e c t l y .  The diameter of t h e  

peg w a s  1 inch. 

separa ted  by a d i s t a n c e  of 1 foot .  

The two holes  were 1-1/16 inches i n  diameter and were 

(See Figure 16).  

To make t h e  t a s k  managable, two re ference  marks were placed under 

t h e  handle  ( i . e . ,  t h e  p a r t  grasped by t h e  opera tor )  of t h e  manipulator ,  

so t h a t  when t h e  handle was posi t ioned over  a re ference  mark t h e  s l a v e  

hand w a s  posi t ioned over t h e  corresponding ho le  a t  t h e  t a s k  site. The 

method of opera t ion  involved moving t o  t h e  l o c a t i o n  of t h e  f i r s t  ho le ,  

secur ing  a g r i p  on t h e  peg, moving i t  t o  t h e  l o c a t i o n  of the  second 

ho le ,  and probing aga ins t  t h e  board wi th  t h e  peg u n t i l  t h e  ho le  w a s  found. 

Severa l  runs were made with and without t h e  a i d  of t h e  o p t i c a l  touch 

sens ing  system. 

mishap, use  of t h e  touch sensing system did  not  s i g n i f i c a n t l y  reduce t h e  

time requi red  f o r  completion. However, i t  was a l s o  found t h a t  t h e  touch 

sensing system was of considerable  va lue  i n  prevent ing and diagnosing 

t rouble .  

ended i n  f a i l u r e  because t h e  peg w a s  grasped too  near  t he  edge of t h e  

g r i p s  and was dropped, e i t h e r  i n  t r a n s i t  o r  i n  probing. With the  touch 

sensing system a secu re  g r i p  could always b e  assured before  t h e  peg w a s  

removed from t h e  f i r s t  hole.  * 

It w a s  found t h a t  i f  t h e  t a s k  w a s  completed without 

For example, about 20% of t h e  runs without t h e  sensing system 
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Also, because of t h e  r a t h e r  c l o s e  to l e rances  between t h e  peg and 

t h e  ho le s ,  i t  w a s  necessary t o  maintain t h e  peg i n  a nea r ly  v e r t i c a l  

pos i t i on .  I f  t h e  peg became d i so r i en ted  with r e spec t  t o  the  g r i p s ,  

cons iderable  t i m e  could be spent  probing with t h e  peg i n  a p o s i t i o n  

such t h a t  i t  could never f i t  i n t o  t h e  hole .  Such d i s o r i e n t a t i o n s  were 

immediately v i s i b l e  wi th  t h e  touch sensing system, and probing could 

be  discont inued u n t i l  t h e  s i t u a t i o n  w a s  cor rec ted .  
II 

V I I I .  SUGGESTIONS 

A s  pointed out  earl ier,  t h e  touch sensing system of t h i s  p r o j e c t  

was designed f o r  use  wi th  equipment r e a d i l y  a v a i l a b l e  t o  t h e  Man Machine 

Systems Laboratory. 

M.I.T. Audio Visual  Service showed t h a t  equipment which i s  supe r io r  

wi th  r e spec t  t o  r e s o l u t i o n  and c o n t r a s t  g ives  v a s t l y  supe r io r  d i sp lays .  

For f u t u r e  o p t i c a l  touch sensing systems, then,  i t  may be worthwhile 

t r y i n g  t o  improve t h e  o the r  p a t t e r n  genera tors  discarded i n  t h i s  p r o j e c t .  

Experiments wi th  a f i b e r  bundle-TV system from t h e  

Some of t h e  numerous suggest ions made by i n t e r e s t e d  people are discussed 

below. 

1) Use of a monochromatic l i g h t  source wi th  t h e  pho toe la s t i c  

p a t t e r n  genera tor  (Figure 4) would e l imina te  co lo ra t ion  of t h e  f r i n g e s  

which degrade con t r a s t .  This s t i l l  leaves t h e  polnroid s h e e t ,  t h e  

colored polyurethane, and t h e  r e f l e c t i v e  p a i n t  t o  hamper b r igh tness  and 

c o n t r a s t .  Use of a f l e x i b l e  mir ror  r a t h e r  than t h e  "s i lver"  ( a c t u a l l y  

r a t h e r  gray)  p a i n t  might he lp ,  but a prelim5nary experiment did not  show 

t h i s .  I n  t h i s  case t h e  f a c t  t h a t  t h e  d i s t o r t e d  mir ror  r e f l e c t s  l i g h t  
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away a t  an angle  degrades t h e  f r i n g e  pa t t e rns .  A more t r anspa ren t  

pho toe la s t i c  mater ia1 , i f  i t  could be found, would help.  

184 gave some very f a i n t  f r inges ) .  

(The Sylgard 

The pkoroelaet$c p^nttcm gansrrsrar $8 somcswbat srmllao: to Che 

unmodified moire device i n  t h a t  it i s  less s e n s i t i v e  t o  pressure  appl ied  

p a r a l l e l  t o  t h e  l i n e  of s i g h t .  

u 2) For t h e  unmodified moire p a t t e r n  genera tor ,  tho focusing problem 

(Figure 7) could parhaps be  cor rec ted  using a more soph i s t i ca t ed  l e n s  

system, such as a co l l imat ing  l e n s ,  o r  by introducing t h e  t ransparent  

a r r a y  a t  a po in t  analogous t o  the  c ross -ha i rs  i n  a t e l e scop ic  r i f l e  

s i g h t .  This leaves  t h e  problem of s e n s i t i v i t y .  

3) For t h e  more s e n s i t i v e  modified moire p a t t e r n  genera tor  (Figure 

8) t h e  focusing problem could be el iminated simply by reducing the  

diameter of t h e  l e n s  u n t i l  t h e  geometry of Figure 7 is acceptable .  

s u f f i c i e n t  b r igh tness  and c o n t r a s t  remain, this should be a workable 

system. 

If 
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